Incubation of intact spinach (Spinacia oleracea L.) chloroplasts in the presence of 35SO42-resulted in the light-dependent formation of a chloroform-soluble sulfur-containing compound distinct from sulfolipid. We have identified this compound as the most stable form (S%) of elemental sulfur (S°, valence state for S = 0) by mass spectrometry. It is possible that elemental sulfur (S°) was formed by oxidation of bound sulfide, i.e. after the photoreduction of sulfate to sulfide by intact chloroplasts, and released as S% under the experimental conditions used for analysis.
Incubation of intact spinach (Spinacia oleracea L.) chloroplasts in the presence of 35SO42-resulted in the light-dependent formation of a chloroform-soluble sulfur-containing compound distinct from sulfolipid. We have identified this compound as the most stable form (S%) of elemental sulfur (S°, valence state for S = 0) by mass spectrometry. It is possible that elemental sulfur (S°) was formed by oxidation of bound sulfide, i.e. after the photoreduction of sulfate to sulfide by intact chloroplasts, and released as S% under the experimental conditions used for analysis.
Chloroplasts from higher plants have the capacity to reduce sulfate (valence state for S = +6) in a light-dependent process for the formation of sulfolipid (14, 15) (valence state for S = +4) and cysteine (1, 23, 24, 26) (valence state for S = -2). However, when isolated intact chloroplasts are incubated under illumination in presence of 3"SO42, two radioactive compounds soluble in organic solvents are synthesized (14, 15) . The major one behaved like authentic sulfolipid when analyzed by TLC (14, 15) and was further identified as sulfolipid when its polar head group was analyzed after deacylation (14) . In our standard experimental conditions, the major compound (called X, see Ref. 14) represented about 10 to 15% of the newly synthesized chloroformsoluble compounds. Compound X could be either an unknown sulfolipid or a compound formed during the biosynthesis of the various sulfur-containing compounds (such as cysteine) synthesized within the chloroplast, since pathways for sulfolipid and cysteine biosynthesis are tightly related (4, 5, 10, 20) . This paper describes the characterization, by using TLC and mass spectrometry, of compound X as elemental sulfur.
MATERIALS AND METHODS
Chloroplast Isolation. Intact and purified chloroplasts were prepared from young spinach (Spinacia oleracea L.) leaves as previously described (13, 14) .
Reaction Mixture. Chloroplasts (120-180 Mg Chl/mL) were incubated in the following mixture: 0.33 M mannitol, 10 mM Tricine-NaOH (pH 7.9), 10 mm NaHCO3, 0.5 mM dithiothreitol, 0.1 mm Na2SO4,0.2 mm Na2HPO4,4 mm ATP, 1 mm sn-glycerol-3-P, 0.2 mM sodium acetate, 0.13 mm Triton X-100 (14) . Experiments with radioactive substrate were done in the presence of "SO42 (0.25 MCi/,hmol, New England Nuclear). All solutions were used filtered through sterile 0.22-Mm filters (Millex-GV, Millipore) to prevent contamination by bacteria. Illumination was provided by a 150-W xenon arc lamp (Oriel), giving an irradiance of 1300 W/m2 at the surface of the incubation vessel.
Reactions were stopped after 30 min by addition of chloroform/ methanol (1: 1, v/v) and bubbling with argon to prevent oxidation after the incubation (14) .
Extraction and Chromatography of the Reaction Products. The lipids were extracted under argon according to the method of Hajra (8) [45] [46] [47] [48] [49] [50] ug Chl) incubated in presence of sulfate as described (14) , and X and X2 extracted from TLC plates were solubilized in a small volume of carbon disulfide and concentrated to 1 to 2 MAL for analyses by mass spectrometry, using a Kratos MS50 mass spectrometer (with magnetic separation and double focusing for high resolution measurements). The samples were directly introduced in the ionization chamber (temperature, 100°C; electron flux, 500 MA; energy, 70 eV). Repetitive scanning was done between m/e 254 and 261 in 3 s during all the time necessary for total evaporation of the sample (from less than 1 min for sulfur flower, X, or X2 to 2 to 3 min for the total lipid extract from chloroplasts). Resolution was set to 2000, thus allowing a possible separation of peaks having 0.125 mass unit difference.
Plant Physiol. Vol. 88, 1988 Recording ofthe spectrum was done with galvanometric recorder by UV spots on Linagraph direct print paper (type 1895, Kodak) (paper scanning, 20 mm/s). Quantification of the amount of S8 present in each sample was possible by integration ofthe surfaces for each peak during evaporation in the ionization chamber, using sulfur flower (10-100 ng S8/sL carbon disulfide) as a standard.
Chlorophyll Determination. Chl concentration of chloroplast suspensions was determined according to Arnon (2).
RESULTS
Compound X was first analyzed by TLC: using chloroform/ methanol/water (65:25:4, v/v) as a solvent, X migratedjust below the solvent front (RF = 0.85-0.9) and exactly at the solvent front (RF = 1) with chloroform/acetone/methanol/acetic acid/water (100:40:20:20:10, v/v). Its position in the resulting two-dimensional TLC (chromatographic system 1) is strikingly different from that of sulfolipid (Fig. IA) .
In order to determine whether X was esterified with fatty acids, we hydrolyzed the total chloroplast lipids according to the mild alkaline procedure of Benson and Maruo (3) . Both water-soluble deacylates and fatty acids were analyzed by TLC using chromatographic system 2: a first development with phenol/water (100:38, v/v) and a second development in methanol/formic acid/water (80:12:7, v/v) separated three distinct compounds, among which glyceryl-quinovosyl-6-sulfonate (deriving from sulfolipid) was predominant (Fig. lB) . Compound X2, deriving from X, was recovered at the solvent front, together with free fatty acids, and therefore was not a sulfolipid. Very few sulfur-containing compounds are as hydrophobic as compound X (or X2), and, interestingly, elemental sulfur (authentic sulfur flower) was known to be soluble in organic solvents (solubility: 1.25%, w/v, in chloroform but 30%, w/v, in carbon disulfide). Indeed, elemental sulfur had the same behavior as X or X2 when analyzed by TLC. To demonstrate unambiguously the presence of elemental sulfur in isolated intact chloroplasts, we further analyzed X and X2 by mass spectrometry.
The most stable form ofelemental sulfur (SO) is a ring molecule of 8 sulfur atoms (S8) and has a characteristic fingerprint when analyzed by mass spectrometry: it is a combination ofthe natural isotopes in fixed ratio determined by their natural abundance (95.1% 32S, 4.22% 34S, and 0.76% 33S, for the three major isotopes). Figure 2 demonstrates that the typical pattern obtained with sulfur flower (Fig. 2A) was present in the total lipid extract from intact chloroplasts (Fig. 2B) , as well as in the extracts containing X and X2 (see Fig. 2 ). First, all the samples analyzed present a series of peaks at m/e position corresponding to Mr of 255.77, 256.77, 257.77, 258.77, and 259.77, identical to the exact mass of the major S8 molecules (Fig. 2) . None of the other radioactive compounds separated by TLC (such as sulfolipid of Xi, see Ref. 14) showed a similar pattern when analyzed by mass spectrometry. Second, as shown in Figures 2 and 3 , the relative ratios of the peak amplitudes (when compared to that of peak 1) are identical to the theoretical values expected for native S8: giving an arbitrary amplitude of 100 to peak 1 (Mr = 255.7), the relative abundance is 6.4, 35.7, 1.99, and 5.69%, respectively, for peaks 2 to 5. Third, the five peaks present a parallel evolution during evaporation ofthe sample within the ionization chamber, as shown for total chloroplast extract in Figure 3 , providing additional evidence that all five peaks correspond to isotopes of the same chemical structure. Indeed, the other peaks present in the sample analyzed, such as peak A (Mr 256) or peak B (Mr 256.2) (see Fig. 2B 3 . Evolution of the relative amplitude of the five peaks (having exact mass corresponding to those of S8 molecules) during evaporation of the total lipid extract from spinach chloroplasts within ionization chamber. The sample analyzed was very rich in polar lipids; therefore, evaporation of the sample within the ionization chamber was rather long (2-3 min). With sulfur flower or purified X and X2, evaporation was much shorter (1 min or less). The parallel evolution of the five peaks provides additional evidence for their characterization as S8. recovered after TLC as compound X (or X2 after alkaline treatment). These experiments also confirm that isolated intact chloroplasts can accumulate sulfate, as shown by Mourioux and Douce (19 Detection of S8 in chloroplast extract was dependent on the incubation conditions; in chloroplasts incubated in the dark or in absence of sulfate, S8 concentrations were close to the level determined prior to the incubation: from the limit level of detection to 180 ng/ml Chl (i.e. up to 0.035 mM). Conditions for sulfolipid biosynthesis (14) were not necessary for S8 formation: when sn-glycerol-3-P, acetate, and Triton X-100 were omitted from the incubation medium, photoreduction of sulfate was still possible and maximum values for S8 concentration were obtained after 15 min incubation. However, for incubation longer than 30 min, S8 concentration rapidly decreased to the initial values, suggesting that rapid metabolization (oxidation?) of elemental sulfur was possible within isolated chloroplasts. DISCUSSION Elemental sulfur formation is a general property of numerous prokaryotes such as photosynthetic and chemoautotrophic sulfur bacteria or cyanobacteria grown on sulfide (6, 7, 9, 18, 22, (28) (29) (30) ; these microorganisms are probably responsible for the accumulation of the large mineral deposits at the earth's surface. During anoxygenic photoassimilation of C02, with Na2S as sole electron donor to PSI (PSII being inhibited by DCMU), several cyanobacteria can accumulate elemental sulfur in the reaction medium in the form of typical refractile granules (6) . In chemoautotrophic bacteria, elemental sulfur formation takes place during oxidative processes of H2S and thiosulfate (18, 22, 28) . Elemental sulfur was characterized only in a few eukaryotic cells, such as fungi (21) , and there are only three reports on its formation within eukaryotic photosynthetic organisms: two red algae, Erythrophyllum (12) and Ceramium (1 1), and one green alga, Chlorella (16) . However, the main difference between prokaryotes and eukaryotes is that sulfate reduction operates with bound intermediates in eukaryotes and free intermediates in prokaryotes (1, 23, 24, 26; 1 1 lipids together with the conditions used to obtain mass spectra were responsible for the release of bound elemental sulfur and its conversion into its most stable form (viz. S8), which was detected by mass spectrometry (22, 28) . Thus, the mass spectra support the conclusion that some atoms of the bound sulfur were indeed at the oxidation level of elemental sulfur, but their precise in vivo structure (Sn) cannot be deduced from our results.
Together, our observations are in agreement with those of Krauss et al. (16) , who demonstrated that S8 accumulated and was rapidly used by Chlorella grown in presence of cysteine ethylester. Thus, it is probable that spinach chloroplasts contain enzymes involved in the formation and metabolization of elemental sulfur. For example, cysteine synthase isolated from spinach catalyzed the in vitro synthesis ofcysteine from elemental sulfur (in a bound form isolated from Chlorella) and O-acetyl-Lserine, provided that a thiol was present in the incubation mixture (16) . Interestingly, Legris-Delaporte et al. (17) have demonstrated that elemental sulfur was metabolized in wheat leaves consecutive to its foliar application as micronized S.
The well-known reactivity of sulfur species (27, 28) suggests caution in the interpretation of our results; we cannot entirely rule out the possibility that the experimental conditions used for analyses would promote the oxidation of polysulfide, polythionates or HS-to elemental sulfur (27, 28 
